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ABSTRACT 

The fluorescent organic compound 2-(2’-hydroxyphenyl)benzothiazole (HBT) has been 
modified by substitution at various positions of the phenyl ring in order to increase its 
quantum yield. Each derivative has been tested as a dopant in a polystyrene matrix for 
plastic scintillator applications. The transmittance, fluorescence, scintillation light yield, 
and radiation damage characteristics of these compounds in polystyrene have been deter- 
mined. In addition, a comparative study of the HBT derivatives and 3-hydroxyflavone 
(3HF) has been performed. Only samples doped with the 4CNHBT derivative exhibit 
light yield and radiation resistance similar to those doped with 3HF. 
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INTRODUCTION 

Plastic scintillators have been used as particle detection devices in nuclear and high en- 
ergy particle physics for many years. However, only recently was attention focused on 
preparing highly-efficient plastic scintillators with short decay times and excellent resis- 
tance to radiation damage. The results reported here are part of an ongoing project that 
focuses on the investigation and development of radiation resistant plastic scintillators. 

Standard plastic scintillators consist of a polymer matrix such as polystyrene doped with 
one or two fluorescent organic compounds referred to as the primary dopant and the 
secondary dopant or wavelength shifter. Ionizing particles passing through the scintilla- 
tor excite polymer molecules which, in turn, can transfer energy to the primary dopant 
through the Fiirster mechanism. The energy is then transferred to the secondary dopant 
through the emission and reabsorption of a photon (Birks, 1964). Such plastic scintillators 
commonly emit in the blue violet region of the light spectrum. This spectral region is 
affected by radiation-induced damage in the polystyrene matrix which is manifested by 



an absorption increase or coloring in the polymer. This absorption will cause a decrease 
in the light yield of the scintillator after its exposure to ionizing radiation (Zorn, 1992). 
Intrinsic plastic scintillators consist of a polystyrene matrix that is doped with a single 
fluorescent organic compound. This fluorescent compound functions as both primary and 
secondary dopant. In order to be used as a dopant, this compound should exhibit a large 
spectral shift between absorption and emission spectra (Brass, 1990 ). These plastic scin- 
tillators emit in the green/yellow region of the visible spectrum, therefore, they are less 
susceptible to light yield losses due to new radiation-induced absorptions in the polymer. 

Fluorescent organic compounds such as 3-hydroxyflavone (3HF) and 2-(2’-hydroxyphenyl)- 
benzothiazole (HBT), when excited by UV or ionizing radiation undergo an excited-state 
intramolecular proton transfer (ESIPT). This p recess yields a large separation between 
absorption and emission spectra. Since these two compounds have absorption and emis- 
sion peaks at approximately 350 nm and 530 nm respectively, they were among the first 
materials tested as dopants for intrinsic plastic scintillators. The main drawback is that 
the light output of these two compounds is lower than that of the blue-emitting com- 
pounds. 

Several 3HF and HBT derivatives were prepared in the search for an intrinsic s&till&or 
with both high light yield and emission at long wavelength. In order to achieve these 
goals, the 3HF and HBT structures were modified by addition of different substituents 
to the phenyl ring (Pla-Dalmau, 1990; Brow et al, 1992). The spectroscopic characteris- 
tics and radiation damage properties of a series of HBT derivatives are reported herein. 
Figure 1 and Table 1 present the list of HBT derivatives studied and their corresponding 
substitution pattern. These compounds have mostly been investigated as intrinsic plastic 
scintillators. Nevertheless, data on studies as wavelength shifters in standard scintilla- 
tor systems are also included. In addition, the new HBT scintillators are compared to 
3HF-doped scintillators which are widely used green-emitting scintillators. 
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Figure 1. Substitution pattern in HBT. 
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Table 1. List of HBT derivatives studied. 

Rx R4 RS N.dIlE Description 

H H H HBT” 2-(2’-hydroxyphenyl)benzothiazole 
Cl H H 3CHBT 2-(2’-hydroxy-3’-chIorophenyl)benzothiazole 

F H H SFHBT 2-(2’-hydroxy-3’-fluorophenyl)benzothiazole 
Ph H H 3PHBT 2-(2’-hydroxy-3’-biphenyl)benzotbiazole 
H CN H 4CNHBTb 2-(2’-hydroxy-4’-cyanophenyl)benzothiazole 
H Me H 4MHBT” 2-(2’-hydroxy-4’-methylphenyl)benzothiazole 
H H Cl 5CHBT 2-(2’-hydroxy-5’-chlorophenyl)benzothia.zole 
H H Me 5MHBT’ 2-(2’-hydroxy-5’-methylphenyl)benzothiazole 
H H Ph 5PHBT 2-(4’-hydroxy-3’-biphenyl)beneothiazole 

“Available from Polysciences. bSynthesized by C. J. Kelley and R. Pai. ‘Available from 
F&ton. 

EXPERIMENTAL SECTION 

Sample Preparation 

Styrene was first deinhibited by passage through a chromatography column available from 
Aldrich Chemical Co. and then purified by vacuum distillation. Glass polymerization 
tubes were cleaned with nitric and sulfuric acids, rinsed with distilled water, and then 
treated for about 4 hours with a 30% solution of dichlorodimethylsilae in chloroform. 
Finally, they were rinsed in turn with chloroform, methanol, and distilled water. This 
treatment builds a hydrophobic Langmuir layer on the walls of the tube which enables the 
removal of the plastic after polymerization. Appropriate dopants were then added to the 
polymerization tubes filled with purified styrene and the various solutions degassed with 
repeated freeze-pump-thaw cycles. The solutions were polymerized in a silicone oil bath 
at 110 “C for 24 hours, at 125 ‘C for 48 hours, and finally at 140 “C for 12 hours. The 
bath temperature was then ramped down to 90 “C at a rate of 10 “C/h. After removal 
from the oil bath, the tubes were quenched in liquid nitrogen for a fast release of the 
plastic rods. The rods were then cut and polished into discs of 2.2 cm diameter and 1 cm 
thick. 

Fluorescent Compounds 

The parent compound, 2-(2’-hydroxyphenyl)benzothiazole (HBT), and two derivatives, 
2-(2’-hydroxy-4’-methylphenyl)benzothiazole (4MHBT) and 2-(2’-hydroxy-5’-methylphen- 
yl)benzothiazole (5MHBT) were purchased from Frinton and further purified by subli- 
mation. 2-(2’-Hydroxy-4’-cyanophenyl)benzothiazole (4CNHBT) was prepared at Mas- 
sachusetts College of Pharmacy and Allied Health Sciences (Pai, in preparation). The re- 
maining derivatives were prepared in our laboratory using a modification of the procedure 
described by Williams and Heller (1970) and Anthony et al. (1984). Equimolar amounts 
of 2aminotbiophenol and the corresponding salicylic acid derivative were dissolved in dry 
toluene in a flask provided with mechanical stirring. The solution was warmed to 40 “C 
and an equimolar amount of phosphorous trichloride was added dropwise to the reaction 
mixture. The solution was heated to 100 “C for 6-8 hours, and then cooled to room 
temperature. The reaction mixture was extracted several times with a 20% by weight 
sodium carbonate solution, washed with distilled water, and then dried over magnesium 
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sulfate. Evaporation of the solvent produced a solid residue which was purified by flash 
chromatography through silica gel. The color of each derivative ranged from white to 
slightly yellow depending upon the nature and position of the substituent in the phenyl 
ring. The purity of each derivative was verified using spectroscopic techniques (nuclear 
magnetic resonance: ‘H NMR and W NMR) and melting point determinations. The 
absorbance and fluorescence properties of the derivatives were characterized. Elemental 
analyses (C, H) were performed for 3FHBT, 3PHBT, and 5PHBT since they had not 
been previously reported in the literature. The HBT derivatives were used as dopants for 
intrinsic plastic scintillators in a 1% by weight concentration to ensure optimum coupling 
with polystyrene and as wavelengths shifters for standard scintillstor systems at a 0.01% 
by weight concentration. In the latter case, p-terphenyl was used as the primary dopant 
at a 1.25% by weight concentration. In order to determine the absorptivity coefficients, 
dilute solutions (lo-’ M, M s n&/liter) of HBT and each derivative in polystyrene were 
prepared. Table 2 depicts the photophysical characteristics of HBT and its derivatives. 

Table 2. Photophysical characteristics of HBT and its derivatives in a polystyrene 
matrix. 

Compound” 

HBT 

L 
(4 
530 

Relative” 
(L mol’: cm-‘) Quantum Yield 

14000 1.0 

3CHBT 344 540 6000 1.64 

3FHBT 340 540 23000 0.93 
3PHBT 350 560 10000 1.17 

4CNHBT 350 530 20000f 2.45 
4MHBT 340 530 11000 1.03 

5CHBT 350 545 16000 1.64 

SMHBT 346 550 15000 0.92 
5PHBT 355 560 10000 1.52 

“The concentration of the derivatives in polystyrene is 1% by weight for these samples. 
bMaximum absorption wavelength. ‘Maximum emission wavelength. dAbsorptivity co- 
efficient (from low concentration samples). “Q uantum yield values relative to HBT. fin 
styrene solution. 

Irradiations 

The samples for radiation damage studies were placed in stainless steel cans and then 
evacuated for two weeks to remove all moisture and most dissolved gas from the samples. 
The cans were then back-f?JIed with dry nitrogen. All samples were. irradiated with a 
s°Co source at the Nuclear Reactor Laboratory of the University of Michigan at a rate of 
approximately 1 Mrad/h to a total dose of 10 Mrad. During the irradiations, the sample 
temperature was held constant to approximately 5 ‘C. All the samples developed some 
coloration during the exposure, some of which disappeared with time when the samples 
were exposed to oxygen. For this study, the samples were. kept under a 40 psig. oxygen 
atmosphere for 10 days after their irradiation. 

Transmittance and Fluorescence Spectra 

Transmittance and fluorescence spectra were recorded with a Hewlett-Packard model 
8451A diode array spectrophotometer. All transmittance measurements used pure (un- 
doped) polystyrene as the reference. The fluorescence spectra were. measured using an 
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external Hg lamp whose light wss brought into the spectrophotometer by means of a 
quartz fiber. An excitation wavelength of 313 nm or 450 nm could be selected with the 
use of bandpass filters. For these measurements, the quartz fiber was positioned so that 
the UV light excited the sample surface facing the spectrophotometer optics. In this case, 
the fluorescence is viewed directly, not through the sample. The angle of incidence was 
45”. The measurements using the 313-nm excitation wavelength were made in order to 
calculate the fluorescence of each dopant relative to that of HBT, since at these excitation 
wavelengths polystyrene does not absorb. The 450-nm excitation wavelength was used to 
observe fluorescence from new radiation-induced absorption bands in some of the HBT 
derivatives. 

Light yield measurements 

Scintillators doped with HBT, 4CNHBT, and 3HF were excited by 1 MeV conversion 
electrons from a *OrBi source. The scintillation light yield measurements used a Hama- 
matsu R669 photomultiplier as the photo-detector. This PMT has a relatively constant 
quantum efficiency from 430 nm to 600 nm. An optical cone of polymethylmethacrylate 
was used as adapter to couple the scintillator disc to the PMT. Immersion oil for optical 
contact was used between the cone and the disc. The pulse height spectra were recorded 
with a LeCroy qVt multi-channel analyzer and then light yield values obtsined from these 
measurements were corrected for the quantum efficiency variations of the photomultiplier 
tube over the fluorescence wavelength region of the scintillator studied. 

RESULTS AND DISCUSSION 

Because of an intramolecular proton transfer process (Fig. 2), HBT exhibits a large sep- 
aration between its absorption and emission spectra (Cohen and Flavian, 1967; Barbara 
et al, 1980). The proton transfer causes a structural rearrangement, which is indicated 
by the large separation between the absorption and fluorescence bands. 

UV ABSORPTION 

HO 

VISIBLE 

PLUORESCENCE 

Figure 2. Excited-state intramolecular proton transfer process. 
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The proton transfer in the excited state is favored because of an increase in the N basic- 
ity and the 0 acidity in the excited state and, in addition, it is aided by a preexisting 
hydrogen bond. HBT absorbs at approximately 340 nm and fluoresces at 530 nm in 
polystyrene. The quantum yield of HBT varies considerably from measurements in so- 
lution ( 1.5fO.5% in tetrachloroethylene (Elsaesser and Kaiser, 1986)) in the solid (31% 
(Williams and Heller, 1970) and 38% (Anthony et al., 1984)), and no data are available 
for its quantum yield in polystyrene. Relative quantum yield measurements performed 
at Fermilab, considering the area underneath the fluorescence curve, indicated that the 
quantum yield is larger in polystyrene than in an ethanol solution. However, it can be 
expected that the quantum yield in polystyrene will not be larger than that in the solid 
phase where, because of the crystalline structure, vibrations and rotations are more re- 
stricted than in a polymer matrix. Substitution in the 2-phenyl ring was studied as a 
way to increase the quantum yield of HBT. Initially electron-withdrawing groups in the 
third and fifth position were considered, for they would mesomerically stabilize the neg- 
ative charge formed after proton transfer (Fig. 2). L ar g e substituents were also studied 
because they favor certain conformations and tend to freeze some rotational and vibra- 
tional modes, thus decreasing the non-radiative relaxation of the compound. Only two 
substituents were placed in the fourth position. As presented in Table 2, substitution does 
not significantly alter the magnitude of the Stokes shift. For instance, the phenyl group 
shifts both the absorption and fluorescence towards longer wavelengths, thus maintaining 
the Stokes shift at approximately the same value. With the exception of the cyan0 group, 
the other substituents have little effect towards significantly increasing the quantum yield 
of the compound. 

Radiation damage studies were performed on these scintillator samples. In the first test, 
they were irradiated to a total dose of 1 Mrad in a nitrogen atmosphere. Transmittance 
and fluorescence measurements were recorded before, immediately after, and two weeks 
after irradiation. All samples presented an increase in absorption immediately after irra- 
diation which partially disappeared after the annealing process in oxygen. However, with 
the exception of the 4CNHBT, all samples showed the formation of a new absorption 
band at longer wavelengths. New HBT and 4CNHBT scintillator samples were prepared 
and irradiated to two different doses (10 and 50 Mrad). Figure 3 shows the changes 
in transmittance for two irradiated HBT samples. Immediately after irradiation, both 
samples present a large absorption which is partially annealable. However, after the an- 
nealing period in oxygen both samples show the formation of a new absorption band at 
longer wavelengths. Fluorescence measurements were carried out using a 450-nm exci- 
tation wavelength. Figure 4 indicates that no fluorescence is observed before irradiation 
using this long wavelength excitation. Nonetheless, a significant emission was recorded 
from both samples after the annealing period. 

This radiation-induced absorption band does not disappear over an extended oxygen 
annealing period or under usual sample handling procedures after irradiation. However, 
studies carried out by Kang et al, 1988; showed that this second absorption band could 
be bleached out under certain specific conditions. The formation of this second absorption 
band can be explained by considering all possible HBT conformers (Fig. 5). The ionic 
enol form presents cis- and trans-ionic enol forms through rotation around the o-bond. 
These forms, in turn, can be represented as cis- and trans-keto or quinoid forms. Based 
on the current results, it can be understood that some trans-keto isomer will be formed 
in high radiation environments. The molecules remain locked in that conformation until 

6 



enough energy is provided to overcome the energy barrier to go back to the cis-ionic form. 
For instance, if the HBT scintillator sample is heated to 90 “C and left overnight at this 
temperature, this absorption band will disappear. 
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Figure 3. Transmittance spectra for 1% HBT in polystyrene scintillator samples 
irradiated at 10 Mrad (B, C)and 50 Mrad (b, c): before (A), immediately after (B, b), 
and two weeks after irradiation (C, c). 
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Figure 4. Fluorescence spectra using 450-nm excitation wavelength for 1% HBT in 
polystyrene scintillator samples: before (A) and two weeks after irradiation 
(B, 10 Mrad and C, 50 Mrad). 
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Figure 5. Formation of the trans-keto HBT isomer. 

The samples doped with 4CNHBT were also irradiated at 10 and 50 Mrad. Transmittance 
and fluorescence measurements were performed before, immediately after and two weeks 
after the respective irradiations (Figs. 6 and 7). The 4CNHBT derivative does not 
present the formation of a second absorption band at longer wavelengths. Of all the HBT 
derivatives tested, this is the only one that does not behave as the parent compound. The 
4CNHBT derivative presents a resonant form that the other compounds can not (Fig. 8). 
This new form introduces a certain restriction to the u-bond rotation. 
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Figure 6. Transmittance spectra for 1% 4CNHBT in polystyrene scintillator samples 
irradiated at 10 Mrad (B, C) and 50 Mrad (b, c): before (A), immediately after (B, b), 
and two weeks after irradiation (C, c). 

8 



500 600 700 800 
WAVELENGTH hml 

Figure 7. Fluorescence spectra usin 
polystyrene scintillator samples: 

450-nm excitation wavelength for 1% 4CNHBT in 
be ore (A) and two weeks after irradiation f 

(B, 10 Mrad and C, 50 Mrad). 
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Figure 8. A different resonant contribution in 4CNHBT. 

Among the HBT derivatives tested, only the 4CNHBT derivative presents an improvement 
in quantum yield and radiation resistance. In fact, 4CNHBT has characteristics similar 
to those of 3HF which is probably the most widely used green-emitting dopant in plastic 
scintillation applications. The 4CNHBT derivative can also be used as a secondary dopant. 
Table 3 lists the decay time and relative quantum yield of 3HF, HBT, and 4CNHBT in 
both intrinsic and ternary scintillatom. 
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Table 3. Decay time and relative light yield of polystyrene-based scintillators 
containing HBT, 4CNHBT, or 3HF. 

Scintillator” Decay time Light yieldb 

T bs) 
ZOlBi uv 

P- source 313 nm 

1% HBT 3.90f0.2 1 1 

1% 4CNHBT 6.47+0.2 2.31 2.45 
0.75% 3HF 8.7750.2 2.35 2.50 
1.25% PT + 0.01% HBT 3.87f0.2 1.13 
1.25% PT + 0.01% 4CNHBT 6.83f0.2 2.07 
1.25% PT + 0.01% 3HF 7.88f0.2 2.35 

“Concentration of the derivatives is in percent by weight. bLight yield results using differ- 
ent excitation sources are relative to HBT. The experimental error in these measurements 
is &5%. 

CONCLUSIONS 

HBT is not a suitable compound for many scintillation detector applications because 
of its low light yield and the formation, under radiation, of an isomer which induces a 
new absorption band. The latter is a more severe effect in intrinsic plastic scintillators 
where HBT is used in high concentration. The HBT derivatives studied exhibit the same 
characteristics of the parent compound and, therefore, the same disadvantages. The only 
exception is the 4CNHBT derivative. The 4CNHBT d erivative has significantly higher 
light output and does not form the tram-keto isomer under radiation. In comparison 
to 3HF, the 4CNHBT derivative gives similar light output and radiation resistance, and 
has a faster decay time (6.5kO.2 ns at 1% by weight concentration and 6.8~tO.2 ns at 
0.01% by weight concentration). Although 3HF remains a good candidate for plastic 
scintillation applications, 4CNHBT may become a better dopant for both intrinsic and 
standard plastic scintillators once its long-term photostability and oxidation resistance 
properties become known. 
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